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INTRODUCTION 
A great deal of research has been directed towards conventional 
primary and secondary wastewater treatment and advanced wastewater 
treatment processes. In addition, attention is being given to a method 
hundreds of years old and fairly widespread: wastewater treatment by land 
application. 
This method is practiced in three ways: spray irrigation, overland 
flow, and rapid infiltration-percolation. The effectiveness of such a 
system in treating the physical, chemical, and biological constituents of 
wastewater is dependent on many factors including: type of soil, type of 
wastewater, climate, slope of the land, rate of wastewater application, and 
type of vegetation. 
Of the many constituents of municipal wastewater and, more importantly, 
of industrial wastewater, the trace elements or heavy metals may be 
important factors in determining the useful life of a land application 
site. Accumulation of heavy metals in the soil might interfere with 
effective operation of the "living filter" in several ways. Toxicity 
of these metals to microorganisms would reduce their ability to degrade 
organic compounds in the wastewater. The metals might also be toxic to 
crop plants grown on the site and therefore reduce nutrient removal by the 
crop. In addition, uptake and accumulation of high concentrations of the 
metals in the plant tissue could make the crop unsafe to feed to animals 
and result in a solid waste disposal problem. If the metals are not 
immobilized in the soil or accumulated by crops, they may enter the 
-2- 
ground water. There could then be a threat to public health due to 
toxicity of some of these metals in sufficient concentrations. Limits 
of heavy metal concentrations in drinking water have been set by the 
U.S. Public Health Service (1962)* 
The purpose of this study was to gain a better understanding of heavy 
metal reactions with soils, with special regard to heavy metals in waste- 
waters applied to the soil. The investigation was conducted in three 
parts. 
In the first part of the investigation the pH, organic matter content, 
particle size distribution, cation exchange capacity (CEC), and exchange¬ 
able calcium, magnesium, and potassium content of the different soils 
used in the study were measured. In the second part 5 x 10"4and 2 x 10 M 
calcium chloride solutions containing copper or cadmium were equilibrated 
with the soils to study the reactions of free metal ions with soils. The 
effect of increasing the pH of the more acid soils on the reactions of the 
free metal ions with the soils was also investigated. The results of the 
equilibrations were then correlated with the various soil properties, the 
solubility of copper and cadmium hydroxides and carbonates, and with the 
Langmuir, Gapon, and Mass Action models of adsorption and ion exchange. 
In wastewater heavy metals may exist in a combined form rather than 
as free ions. In the third part of the study the soils were equilibrated 
with wastewaters containing added copper or cadmium. To study the 
effect of suspended particles in the wastewater some wastewater samples 
were centrifuged to remove suspended particles before adding copper 
or cadmium. The results from this part of the study were compared 
-3- 
with the results from part two to determine the effects of waste 
water on copper and cadmium removal from solution by soils. 
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LITERATURE REVIEW 
* 
Possible Toxic Effects of Heavy Metals 
The significance of heavy metal accumulation in plants, soils, 
and groundwater in limiting the life of a land disposal site is 
controversial. An Environmental Protection Agency (1973) report 
states that concentrations of heavy metals, such as copper and zinc, 
can build up to phytotoxic levels in time, depending on the soil 
type and method of operation. It also states that heavy metals may 
be fixed in the soil and rendered nontoxic by bacteria under 
cometabolism. Rhode (1962) reports that after many years of sewage 
application high concentrations of copper and zinc in the soil are res¬ 
ponsible for exhaustion of the land and decreased crop yields. 
Unfortunately no data on rates of application or concentrations was 
available for the sewage farms Rhode studied. 
Brier and Fryer (1973) discuss undesirable plant responses with 
sewage irrigation and Weber (1972) discusses the fact that use of sewage 
sludge as a soil additive may give rise to heavy metal toxicity problems 
in plants. Chaney (1973) reports on crop and food chain effects of 
toxic elements in sludges and effluents. Lynam and others (1972) 
report that their experience indicates that the heavy metals present in 
"liquid fertilizer" will not make the soil toxic. Chapman (1966) has 
edited a useful text describing individually the effects on plants of 
various trace elements. 
A Michigan State University report (1973) concerning land treatment 
of wastewaters in southwestern Michigan states that based on the data 
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provided for the report there is little likelihood that any of the micro¬ 
nutrients or heavy metals in the effluent will accumulate to dangerous 
levels in plants or move into drainage in concentrations exceeding 
drinking water standards. According to the report the metals will 
be immobilized by interacting with mineral and organic colloids 
in the plow layer. The authors point out that the evaluation was based 
on the assumption that the metals in the effluent would be inorganic 
ions, metal precipitate suspensions, or weak natural metal organic 
complexes. They also noted that the presence in the effluent of relatively 
powerful synthetic chelating ligands or metal chelates of substances such 
as nitrilotriacetic acid (NTA) or ethylenediaminetetraacetic acid (EDTA) 
or similar compounds would drastically alter the conclusions because 
such chelating ligands would increase the mobility of metals through the 
soil profile, increase plant uptake, reduce soil fixation of metals, 
and either increase or decrease plant toxicity depending upon the nature 
of the system. Substantial quantities of metals could also leach into 
the drainage water if synthetic chelates are present. In addition, they 
add, if the organic load were increased and contained 50 percent fulvic 
acid compounds significant metal loads could be moved through the soil 
profile and into drainage water. 
Heavy Metal Content of Wastewaters 
Heavy metal concentrations are greatest in industrial wastes. 
However, recent reports indicate significant concentrations in influents 
to and effluents from many municipal wastewater treatment plants. 
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Mytelka et al. (1973) measured heavy metal concentrations in waste- 
waters in the New York, New Jersey, Connecticut tri-state area and con¬ 
cluded that there were significant levels and frequencies of occurrence 
of certain heavy metals. A similar study by Abbott (1971) for the 
Ontario Water Resources Commission also indicated significant concen¬ 
trations of heavy metals in various wastewaters. Studies by Farnsworth 
(1969) for the Denver Board of Water Commissioners yielded similar 
results. 
Reed (1972) gives average secondary effluent concentrations of heavy 
metals as follows: cadmium .1 ppm, chromium .2 ppm, copper .1 ppm, 
lead .1 ppm, iron .1 ppm, manganese .2 ppm, mercury 5 ppb, nickel .2 ppm, 
and zinc .2 ppm. Lewin and Rowell (1973) and Pound and Crites (1973) 
reported similar concentrations of trace elements in municipal sewage 
effluents. These are average values and concentrations may range from 
undetectable to several parts per million. 
The occurrence of high heavy metal concentrations is largely the 
result of industrial and commercial processes. The potential sources, 
according to Farnsworth (1969), included wastes from electronics, 
fertilizer, food and food by-products, glassware and ceramics, insecticides, 
fungicides, pesticides and weed killers, mining, metal plating, photo¬ 
graphy, tanneries, medicines, and cosmetics. Household plumbing fixtures 
can also add heavy metals to the water. 
Heavy Metal Reactions in Soils 
The reactions that affect the heavy metals in soils and in solution 
are complex. Bowen (1966) discusses trace element biochemistry. Many 
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of the metals are discussed individually or in groups by Bohr (1972), 
Lindsay (1973), Reed (1972), Lagerwerff (1972), Lagerwerff (1967), Lisk 
(1972), and Hodgson (1963). 
The mechanisms that affect heavy metal movement and distribution in 
soils are also complex. Murman and Kroutz (1972) include ion exchange, 
adsorption from solution, precipitation, oxidation-reduction, and pH 
changes as important factors. According to Hodgson (1963) there are 
five general ways in which an element can be bound in soils including: 
(1) association with organic or inorganic soil surfaces, (2) occulsion 
during development of new solid phases in which it is not a principle 
constituent, (3) precipitation with other soil components, forming a 
new phase, (4) occupation of sites in soil minerals either as an 
original constituent or by entering the crystal lattice through solid 
state diffusion, and (5) incorporation in biological systems and their 
residues in the soil. He points out that the distinction between these 
reactions is not always clear cut. Mitchel (1972) also discusses 
factors affecting trace element availability to plants. 
Cation exchange is one of the chemical reactions by which heavy 
metal ions can be removed from solution. In cation exchange heavy metal 
cations are adsorbed in exchange for other cations originally present 
at negatively charged sites on clay and organic matter particles. 
Wentink and Etzel (1972) studied removal of metal ions by soil. They 
cite five factors affecting the replaceability of cations. These 
include: (1) cation concentration - increased concentration of the 
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replacing ion causes greater exchange by that cation according to the 
law of mass action, (2) population of exchange positions - replaceability 
depends in part on the nature of the complementary ions populating the 
remainder of the exchange sites and also on the degree to which the 
replaced ions saturate the exchange sites, (3) nature of the anion in the 
replacing solutions, (4) nature of the ion - the valence, ionic size, and 
polarizability of the ion influence the ease by which ions are replaced, 
and (5) nature of the clay mineral - a separate replaceability series 
exists for various types of clay minerals. Wentink and Etzel passed 
sulfate salt solutions of chromium, copper, and zinc through columns of 
soil and measured effluent concentrations. They then passed distilled 
water and tap water through the columns to determine leachability of the 
metals. They concluded that the high removals were by ion exchange and 
that the exchanged ions were not leached by distilled or tap water. 
Wheatland and Borne (1961) studied copper, nickel, chromium, manganese, 
zinc, and lead in polluted water percolating through soil and concluded 
that the metals were held in the soil by ion exchange. 
Murmann and Kroutz (1972) point out that the heavy metals are 
normally present in solution at concentrations much lower than those of 
common cations such as Ca++ and Mg++ so that mass action might be 
expected to prevent cation exchange from being the most effective process 
of removing heavy metals from solution. They add that soils have the 
capacity to retain heavy metals so tightly that they can be replaced only 
with difficulty. These observations are consistent with the results of 
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Wentink and Etzel (1972) and Lagerwerff and Brower (1972). 
According to Hodgson (1963), adsorption from solution is another 
important process that can lead to occulsion of heavy metal ions in a 
precipitate or solid state diffusion into minerals. Amorphous alumino 
silicates and iron and aluminum hydroxides are present in the soil. 
According to Murmann and Kroutz (1972) heavy metals may initially be 
adsorbed at the surface of oxide minerals. Eventually these surface 
adsorbed ions become incorporated within the structure, unavailable 
to the soil solution. Lockwood and Chen (1973) investigated adsorption 
of mercury by hydrous manganese oxides and Jenne (1968) proposed similar 
processes for removal of Mn, Fe, Co, Ni, Cu, and Zn by hydrous manganese 
and iron oxides. James and Healy (1972) discuss the adsorption of 
hydrolyzable metal ions at the oxide-water interface. 
Reactions of heavy metals with soil organic matter are also 
important. In addition to the organic matter in the soil, organic matter 
is applied with the wastewater. Soil organic matter is responsible for 
a fraction of the cation exchange capacity of soils and contains 
functional groups that may chelate heavy metals. According to Hodgson 
(1963) the high molecular weight compounds such as lignin are essentially 
immobile and serve to immobilize the metals associated with them. Soluble, 
short chain organic acids and bases, however, may serve to promote 
solubility and movement of the heavy metals. Lehman (1963) discusses 
basic principles of chelation chemistry and Mortensen (1963) discusses 
complexing of metals by soil organic matter. Cheng, Patterson, and 
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Minear (1975) discuss heavy metal uptake by activated sludge. 
Chaney (1973) observes that organic matter chelation appears to be 
more important than the simple cation exchange role of organic matter. 
He also points out that upon decomposition the organic matter would 
lose its protective effect. Tan, King, and Morris (1971) discuss the 
complex reactions of zinc with organic matter extracted from sewage 
sludge, and Norvell (1972) discusses the equilibria of metal chelates in 
soil solution. Smith, Rasmussen, and Hanciar (1962) report that the small 
fraction of organic matter in the topsoil binds the heavy metals in a 
form not easily exchangeable. 
According to Nelson (1972) the organic matter content of the soil 
seems to be the most important single factor affecting the soil's 
ability to remove metal ions from solution. He states, "Several investi¬ 
gators have presented evidence that the soil organic matter is capable 
of complexing multivalent metals. Little is known about the nature of 
•o* 
these ligands in the polymeric components of the soil organic matter. 
Most of what we know is by way of study of pure compounds. The inference, 
however, is quite valid since most of the principle chelating or ligand 
groups are present in soil organic matter, or are carried on the clay 
minerals themselves. Amino, imino, keto, hydroxy, phenolic, thioether, 
carboxylate, and phosphate are some of the donor groups which are 
present in compounds isolated from the soil organic matter. Mixtures 
of lignins, polysaccharides, proteins, tannins, and other polyphenols 
are major components of soil organic matter." 
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Stevenson and Ardakani (1972) state that the ability of humic and 
fulvic acids to form stable complexes with metal ions is undoubtedly 
due to their high content of oxygen containing functional groups including 
COOH, phenolic, alcoholic, enolic-OH, and C=0 structures. They propose 
a combination ion exchange with clay and organic complexation scheme 
for removal of heavy metal ions in solution. They describe a clay-organic 
matter-metal complex. The organic matter, humic and fulvic acids, 
form stable complexes with the metals due to electrostatic forces. 
The bulk of the organic matter is, in turn, held in combination with the 
clay. 
Oxidation-reduction reactions are included as important in determining 
the metal distribution in the soil by Hodgson (1963) and Murmann and 
Kroutz (1972). The valence states of some heavy metals can be changed 
upon oxidation or reduction resulting in changes in reactivity, solubility 
+3 and mobility. For example, Fe , the oxidized ferric ion, is essentially 
immobile because of the limited solubility of Fe(OH)^• The hydroxide 
+2 
and other compounds of the reduced, Fe , are more soluble. 
The importance of flooding and aeration in relation to oxidation 
and reduction is obvious. Aerated soils result in oxidized forms of 
metals that tend to be insoluble, while flooded conditions lead to 
anaerobic reducing conditions and increased solubility of certain metals. 
Kee and Bloomfield (1962) studied the relation between flooding and 
aeration and trace element mobility. Lehman and Wilson (1971) studied 
trace element removal from sewage effluent by soil filtration. They 
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report that the most favorable trace metal filtration results were 
obtained with intermittent irrigation treatments, and that maintenance 
of an aerobic environment appears essential for reducing trace metal 
translocation. They add that crops did assimilate some of the metals 
but not in sufficient quantities to sustain the trace metal filtering 
capacity of the soil. The primary value of the crops, they say, was 
the maintenance of soil structure, thereby improving drainage and 
reaeration of the soil. 
Hodgson (1963) lists five ways in which microorganisms are important 
in affecting the availability of heavy metals in soils. The list 
includes: (1) the release of inorganic ions during the decomposition 
of organic matter, (2) the immobilization of ions by incorporation into 
microbial tissue, (3) oxidation of an element, generally to a less 
available form, (4) reduction of an oxidized form of an element under 
circumstances where oxygen is limited, and (5) indirect transformations 
caused by changes in pH or oxidation potential. 
Finally, pH is an important controlling factor mainly because of its 
effect on all the chemical processes already mentioned. At extremely 
high pH many heavy metals may form insoluble precipitates of carbonate, 
hydroxide, and under strongly reducing conditions, sulfide. The natural 
range of soil pH is usually from 5 to 7. Hahne and Kroontje (1973) 
discuss the significance of pH on the behavior of heavy metal pollutants 
and Stumm and Morgan (1970) discuss the solubility relations for metal 
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oxides, hydroxides, and carbonates. Murmann and Kroutz (1972), 
Hodgson (1963), Leeper (1972), Bittell and Miller (1974) and James 
and Healy (1972) report increased adsorption as pH increases. 
Leeper (1972), Ellis and Knezek (1972), and Jameb and Healy (1972) 
propose that this increased adsorption is due to a change in the 
hydrolysis of the metal ion. 
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METHODS AND MATERIALS 
The six New England soils selected for study were analyzed to 
measure particle size distribution, organic matter content, pH, cation 
exchange capacity, and exchangeable calcium, magnesium and potassium. 
The triplicate particle size determinations were made using the hydro¬ 
meter method described by Day (1965). The organic matter content was 
determined using the Walkely-Black wet chemical method of oxidation with 
dichromate (Allison, 1965). The cation exchange capacity was determined 
using extraction with IN NH^Ac (pH 7) described by Chapman (1965). 
The exchangeable calcium, magnesium, and potassium extracted by the 
ammonium acetate were determined using atomic absorption spectrophotometry. 
To determine the copper and cadmium adsorption isotherms for the 
six different soils, salt solutions containing .5, 1, 2, 5, 7, 10, 15, 
20, and 25 ppm Cu++ or Cd++ in 5 x 10”^ M CaC^ were prepared. The 
calcium chloride was used to approximate the average salt concentration 
in wastewaters reported by Reed (1972). Duplicate 25 ml aliquots of 
the salt solutions were added to .5 gram soil samples in 50 ml test 
tubes. The tubes were stoppered and then shaken for 3 days in a constant 
temperature room (20°C +3°) to reach equilibrium. The tubes were then 
centrifuged to remove the fine clay particles and the clear supernatant 
was analyzed for copper or cadmium using atomic absorption. When the Cu 
or Cd concentrations were less than 1 ppm the metals were concentrated 
by extraction into an organic solvent. For this extraction, ten ml 
aliquots of the supernatant were transferred to a test tube containing 
2 ml of 1 percent sodium diethyldithiocarbamate. Three ml of methyl 
-15- 
isobutyl ketone were added and the contents were shaken by hand and the 
layers then were allowed to separate. The sample was reshaken and the 
phases allowed to separate a second time and then the ketone layer 
was analyzed for heavy metal concentration using atomic absorption. 
Organic extraction techniques are discussed by Sprague and Slavin 
(1964), Mulford (1966) and Koirtyohamm and Wen (1973). The difference 
between the initial and final metal concentrations, the sample volume 
and the soil weight were used to calculate the adsorption isotherms. 
To determine the effect of ionic strength the equilibrations were 
repeated using 1, 2, 5, 10, and 15 ppm Cd and 1, 2, 5, 10, and 20 ppm Cu 
_3 
in 2 x 10 M CaCl^. The soil weight, solution volumes, equilibration 
time, and extraction procedure were as described above. To determine 
the effect of pH on adsorption of copper and cadmium half gram samples 
of soils 3, 4, and 5 were placed in 50 ml test tubes. Varying amounts 
(0 to 1.5 ml) of .044N Calcium hydroxide, and varying amounts (0 to 1.5 ml) 
_3 
of water, and 21 ml of 2 x 10 M CaCl^ were added to the soils. The 
tubes were stoppered and equilibrated at constant temperature for one 
week. Afterwards, 2.5 ml of 100 ppm copper or cadmium salt solution 
were added so that the final 25 ml volume contained 10 ppm of copper or 
cadmium. The samples were then equilibrated for 3 days, centrifuged, 
and analyzed to measure copper or cadmium concentration and pH. 
Samples of Amherst, Massachusetts raw wastewater, primary clarified 
effluent, trickling filter effluent, and extended aeration alum clarified 
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effluent were collected on October 1, 1974. The wastewaters were 
"spiked" with copper and cadmium salt solutions to provide 1, 2, 5, 10 
and 20 ppm Cu and 1, 2, 5, 10 and 15 ppm Cd. The wastewaters were 
then equilibrated with soil 3 and analyzed in the manner described 
previously. 
A sample of Amherst primary clarified wastewater was collected on 
January 16, 1975 and the wastewater was centrifuged to remove the sus¬ 
pended solids prior to addition of heavy metal salt solutions and 
equilibration with soil 3. In a final experiment a sample of Amherst 
trickling filter effluent was collected on April 7, 1975. It was 
centrifuged to remove suspended solids and .IN HC1 was added to half 
of the sample so that the pH was lowered several tenths of a pH unit. 
Cadmium salt solution was added to both samples to make solutions 
containing 10 ppm Cd. The treated wastewaters were then equilibrated 
with soils 3, 4, and 5 and analyzed as described above. 
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RESULTS AND DISCUSSION 
Soil Analysis 
The results of the soil analysis are shown in Table 1. The clay 
content of soil 1 is roughly double that of the other soils which contain 
approximately equal amounts of clay. Soil 5 contains the least clay 
of the group. The organic matter content ranges from a low of 1.65 
percent for soil 6 to a high of 3.84 percent for soil 1. There are 
two groups of soils according to pH. Soils 1, 2, and 3 have the highest 
pH in the range 5.17 to 6.01 while soils 4, 5, and 6 are strongly acid 
with an average pH of 4.5. 
The cation exchange capacities range from a low of 8.25 meq/100 g 
for soil 2 to a high of 14.37 meq/100 g for soil 1. There is one 
discrepancy that should be noted. The exchangeable calcium for soil 2, 
Limerick, is higher than the cation exchange capacity. Calcium carbonate 
in the soil was probably dissolved during extraction with IN NH^Ac (pH 7) 
giving rise to the high value for exchangeable calcium. 
Adsorption Isotherms 
According to Weber (1972) "Positive adsorption in a solid-liquid 
system results in the removal of solutes from solution and their con¬ 
centration at the surface of the solid, to such time as the concentration 
of the solute remaining in solution is in a dynamic equilibrium with 
that at the surface. At this position of equilibrium, there is a defined 
distribution of solute between the liquid and solid phases. The 
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distribution ratio is a measure of the position of equilibrium in 
the adsorption process; it may be a function of the concentration of 
the solute, the concentration and nature of competing solutes, the 
nature of the solution, etc." 
The accepted convention for depicting this equilibrium distri¬ 
bution between two phases, at constant temperature, is termed an 
adsorption isotherm. The amount of solute adsorbed per unit weight of 
solid adsorbant is plotted as a function of the equilibrium solution 
concentration of solute. Examples of adsorption isotherms are shown 
in Figure 1. Adsorption isotherm A levels off at high equilibrium 
solution concentrations. It is possible, therefore, to predict the 
maximum amount of solute that will be adsorbed per unit weight of 
adsorbant. Adsorption isotherm B is steeper than isotherm A and does 
not level off in the range of values shown making estimation of an 
adsorption maximum difficult. Compared to adsorption isotherm A, 
isotherm B describes more favorable or more effective adsorption of the 
solute because at a given solution concentration more solute is adsorbed 
per unit weight of adsorbant. 
Copper Adsorption from Salt Solution 
Effect of Ionic Strength and Soil Properties 
The adsorption isotherms resulting from the equilibration of the 
six soils with 5 x 10"^ and 2 x 10"^M CaC^ solutions with different 
initial copper concentrations are presented in Figures 2 and 3. For 
both CaC^ concentrations there appears to be two distinct groups with 
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Figure 1. Adsorption Isotherms. 
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soils 1, 2, and 3 having more favorable copper adsorption isotherms 
than soils 4, 5, and 6. The isotherms for soils 1, 2, and 3 are 
very steep and there is no indication of what the maximum copper 
adsorption will be. The adsorption isotherms for soils 4, 5, and 6, 
on the other hand, level off, and it is possible to estimate copper 
adsorption maxima for each soil. 
It should be noted that for each soil the adsorption isotherms in 
-4 
5 x 10 M CaC12 were more favorable than the adsorption isotherms in 
2 x 10~^M CaCl^- This is in agreement with statements by Reed (1972) 
and Lagerwerff and Brower (1972) that competition for available exchange 
sites will be an important factor influencing removal of metal ions 
from solution by soils. 
When these adsorption isotherms, the soil analysis results, 
/ 
and the literature review discussion of heavy metal reactions in 
soils are considered together, perhaps a relationship can be found 
between heavy metal removal from solution and a particular soil property 
or properties. If removal of heavy metal cations from solution by 
adsorption on clay minerals is the major reaction, the soil with the 
highest clay content should be the most effective in removing the metal. 
It is possible to rank the soils in order of decreasing favorability of 
adsorption according to the order of decreasing clay content such that 
1>4>3>2>6>5. 
Soil organic matter may also be ranked with decreasing favorability 
according to the order of decreasing soil organic matter content. The 
-24- 
order i s 
1>4>5>3>2>6. 
Again, if cation exchange capacity, dependent on clay content, 
organic matter content, and amorphous materials (iron, aluminum, and 
other metal oxides and hydroxides), is the controlling factor for 
heavy metal removal the order of soil effectiveness would be 
1>4>3>5>6>2. 
Finally, if pH is the most important soil property, with soils of 
highest pH being most effective in removing heavy metals from solution, 
the order of favorability would be 
2>1>3>5>4>6. 
The order of decreasing favorability of the copper adsorption 
isotherms for the six soils with 5 x 10”^M CaCl^ is 2>1>3>6 % 4>5. 
The distinction between soils 4 and 6 is difficult to make. From 
Table 1 it can be seen that soils 4 and 6 differ in clay content, 
organic matter content, cation exchange capacity, and exchangeable Ca, 
Mg and K, but that their pH values are essentially equal. With 
-5 
2 x TO M CaCl2 the order of copper adsorption isotherm favorability 
was slightly different with 2>1>3>5>6>4. 
These orders of favorability for copper are similar to the order 
of decreasing pH. As mentioned earlier, there appear to be two distinct 
groups with isotherms for soils 1, 2, and 3 being more favorable than 
isotherms for soils 4, 5, and 6. This grouping is according to high 
-25- 
pH versus low pH soils, but the pH sequence is not followed exactly. 
The orders of favorability for copper isotherms are also similar 
to- the order for exchangeable calcium, and for the sum of exchangeable 
calcium and magnesium, suggesting that ion exchange of copper for 
calcium, or for calcium and magnesium, may be occurring. Calcium 
concentrations in the equilibrium solution increased as copper adsorp¬ 
tion increased. However, exact equivalence between the increase in 
calcium concentration and decrease in copper concentration was not 
observed, perhaps because of high experimental errors in the range of 
concentrations used. 
Effect of pH on Copper Adsorption 
A marked distinction between the soils according to their pH 
was observed in the above copper adsorption from salt solution experi¬ 
ments. To better understand the effect of pH on copper adsorption, 
the pH of soils 3, 4, and 5 was changed by equilibration with varying 
amounts of calcium hydroxide. In this way the soils could be compared 
at a given pH. Soils 3, 4, and 5 were chosen because soils 1 and 2 
had the highest pH values and soil 6, which had the same pH as soil 4, 
had an organic matter content significantly different than the organic 
contents of soils 3 and 5. 
The results are shown in Figure 4. Copper adsorption increased 
approximately 10 percent for soils 4 and 5 over the range of pH increase. 
The leveling off of the lines in Figure 4 appears to indicate copper 
adsorption reaching a constant at higher pH, but this is not the case. 
Practically all the copper added was adsorbed at the high pH values and 
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the amount of copper remaining in solution was at the limit of detect¬ 
ability for the analytical methods used. 
At a given pH, 6.8 for example, the order of favorability of 
adsorption of copper is 4>3>5. This order matches the order for clay 
content and for cation exchange capacity indicating that the increased 
copper adsorption may be due to the pH dependent increase in cation 
exchange capacity described by Buckman and Brady (1969) and James and 
Healy (1972). 
The increase in copper adsorption with increase in pH can also be 
seen in Figure 5. The unfavorable copper adsorption isotherm for the 
low pH soil, soil 4 for example, shifts upward and to the left as pH 
increases and gradually becomes as favorable as the isotherm for the 
high pH soil 2. 
Copper Solubility Equilibria 
With the observed influence of pH on the reactions the solubility 
relations for copper must not be overlooked. The equilibria involved 
are shown in Table 2. These equilbria may be represented in a diagram 
in which the log of the concentration of the species of interest is 
plotted as a function of pH. For a system open to the atmosphere with 
a carbon dioxide content of .03 percent the diagram takes the form of 
Figure 6. 
The lines labelled H^CO^, HCO^", and. CO^" described the equilibria 
C02 + H„0 t H2C03i H+ + HC03 i 2H+ + C03=. 
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TABLE 2. COPPER EQUILIBRIA* 
Reaction Log K (25°C) 
+ +2 
Cu 0(s) + 2H = Cu + H20 7.65 
Cu,(0H), CO, + 
2 2 3(s) 
4H+ - 2Cu+2 + 3H20 + C02 , « 14.16 
Cu,(0H), CO, + 
3 3 3(s) 
6H+ = 3Cu+2 + 4H20 + 2C02( . 21.24 
Cu+2 + H20 = CuOH+ + H+ 
-8.00 
2Cu+2 + 2H20 = Cu2 (0H)2+2 + 2H+ -10.95 
Cu+2 + C03" - Cu C03(aq) 
6.77 
Cu+2 + 2C0,= — Cu (CO,) ‘2 10.01 
3 2 (aq) 
Cu ^ + 3H20 = Cu (0H)3'1 + 3H+ -26.30 
Cu+2 + 4H20 = Cu (0H)4-2 + 4H+ -39.40 
*From Stumm and Morgan (1970) Aquatic Chemistry. 
-30- 
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The lines labelled Cu++ - Ci^OH^CO^ and Cu++ - CuO describe the 
equilibrium between Cu++ ion in solution and solid malachite and solid 
tenorite respectively. The same holds for the lines labelled CuC03 - 
(^(OHJ^CO^ and CuOH+ - CuO. The lines labelled CuCO^ - Cu2(0H2)C03 and 
CuCO^-CuO describe the equilibrium between the solids and the ion pair CuC03. 
For the pH range of interest the Cu++ ion is an order of magnitude, 
at least, higher in concentration than the CuOH+ ion. The concentration 
of CuOH+ ion should therefore be negligible. The CuC0~ ion pair may 
O 
not be neglected because above pH 7.5 the CuC03 ion pair should be the 
dominant form of soluble copper in the system. 
For example, at pH 7.5 and -log Cu++ or pCu of 5.5 the system would 
be supersaturated with respect to Cu2(0H)2C03 (malachite) and precipitation 
should occur. Holding the pCu constant at 5.5 and decreasing the pH to 
7.0 shifts the equilibrium. The system should then be undersaturated 
with respect to malachite and it should dissolve. At the same time the 
system would be supersaturated with respect to tenorite and it should 
precipitate. At pH values below 6.5 the system would be undersaturated 
with respect to tenorite and it would dissolve to a concentration of Cu++ 
-5 5 
ions in solution greater than 10 * mole/liter. 
The points plotted in Figure 7 are for soils 3, 4, and 5 from the 
pH experiment discussed earlier. It can be seen that some points fall 
to the right of the Cu++ - CuO line so that for those points the system is 
supersaturated with respect to tenorite which could have precipitated. 
This precipitation may explain the increased adsorption or removal of 
copper at higher pH values. 
-32- 
PH 
0 2 4 6 8 10 12 14 
Figure 7. Copper Solubility in an Open iIatural System with .03 Percent 
-33- 
The equilibrations were conducted in stoppered centrifuge tubes, 
and it is reasonable to believe that respiration of the soil micro¬ 
organisms would raise the carbon dioxide concentration in the system. 
In the field it is also possible for the carbon dioxide concentrations 
in the pore spaces of the soil to raise above the .03 percent level 
in the atmosphere. When a system with a carbon dioxide concentration 
of .3 percent, a tenfold increase, is considered some of the lines 
shift as shown in Figure 8. At this higher carbon dioxide concentration 
it is possible that malachite may be precipitating with the tenorite. 
Application of Adsorption and Ion Exchange Models 
Langmuir Adsorption Isotherm 
One theoretical model describing adsorption is given by the 
Langmuir equation. This model is based on the assumption that the 
maximimi adsorption corresponds to a saturated monolayer of solute 
^ * 
molecules on the adscrbant surface, that the energy of adsorption is 
constant, and that there is no transmigration of adsorbate in the 
plane of the surface. The equation is in the form 
where X is the amount of solute adsorbed per unit weight of adsorbant 
at concentration C, C is the equilibrium solution concentration, b 
is a constant related to energy of adsorption, and is the amount of 
solute adsorbed per unit weight of adsorbant in forming a complete 
monolayer. 
34- 
pH 
0 2 4 6 8 10 12 14 
Figure 8. Copper Solubility in a .3 Percent CO2 System. 
-35- 
The equation may be rearranged to the linear form 
C 
X 
1 
m X b m 
(2) 
If C/X is plotted as a function of C the slope is equal to 1/Xm and 
the y intercept is equal to 1/X b. Once the constants, X and b, m m 
are evaluated they may be used in the original equation (1) and a 
theoretical adsorption isotherm may be drawn. The experimental points 
may then be plotted so the fit to the theory may be observed. 
John (1972) studied cadmium adsorption by soils and the results 
were fitted to the Langmuir isotherm. Nelson (1972) reports "Langmuir 
like" adsorption patterns for heavy metals, and Udo, Bohn, and Tucker 
(1970) report Langmuir adsorption for zinc by calcerous soils. 
Examples of the fit of the copper data to the linearization of the 
Langmuir equation are shown in Figures 9 and 10, and all the results 
are summarized in Table 3. It can be seen in Figure 9 that the points 
do not fall in a straight line with a positive slope and, therefore, 
that soils 1, 2, and 3 do not fit the model. These are the three 
soils with the highest pH values where precipitation reactions may be 
taking place. 
In Figure 10 most of the points for soils 4, 5, and 6 fall on 
straight lines with positive slopes. There are a few points at low 
solution concentrations that are off the lines, but the least squares 
linear regression correlation coefficients are still high. It can 
be seen in Table 3 that the calculated adsorption maximum, X , is 
higher when the competing calcium concentration is lower. 
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TABLE 3. LANGMUIR CONSTANTS FOR COPPER ADSORPTION 
Soil Y max 
mg/g 
b 
L/mg 
1 .004 
2 
3 
4 
5 
6 
1 .001 
2 
3 
4 
5 
6 
— • 
.413 1.045 
.538 .721 
.481 1.621 
.711 1.057 
.539 .500 
.909 .399 
-39- 
Gapon Model for Ion Exchange 
Gapon proposed an equation to describe ion exchange between 
ions of different charge. For monovalent-divalent exchange, calcium 
replacing adsorbed sodium, for example, the reaction is 
2NaX + Ca++ * CaX2 + 2Na+. (6) 
The Gapon expression for this reaction is 
CaX 
NaX 
2 „ /Ca 
K1 .. + 
++ 
(7) 
Na 
with CaX2 and NaX being adsorbed calcium and sodium respectively, 
++ + 
Ca and Na being equilibrium solution concentrations of the ions and 
K-j the selectivity coefficient for the reaction. 
A similar expression may be written for heavy metal ion M 
replacing adsorbed sodium 
++ 
MX, 
NaX 
= K 
2 Na+ (8) 
with a different selectivity coefficient. Dividing equation (8) by (7) 
++ 
gives the Gapon expression for exchange of the divalent ions M for 
adsorbed Ca++ 
MX2 _ |( /m 
++ 
CaX, / Ca++ 
(9) 
-40- 
This is in the linear form y = mx + b with a slope equal to the 
selectivity coefficient and an intercept of zero. This expression 
is quite similar to the Mass Action Expression except for the square 
root terms. The square root terms are due to the divalent charge. If 
trivalent aluminum or iron ions were replacing adsorbed sodium, cube 
root terms would be involved. Lagerwerff and Brower (1972) determined 
Al+++ - Cd++, Ca++ - Cd++, and Na+ - Cd++ exchange coefficients for three 
soils using the Gapon expression. 
When the Gapon and Mass Action models were applied, the sum of 
exchangeable calcium and magnesium was used as the amount of potential 
sites. In addition, the expressions were modified to account for the 
decrease in available sites as the copper or cadmium occupied some of 
the sites, and for the increase of calcium in solution as it is replaced 
by the copper or cadmium. 
The selectivity coefficients for copper.determined using the Gapon 
model are summarized in Table 4. The correlation coefficients are 
good but it should be noted that the theoretical intercept is the 
origin and that some of the intercepts for copper are far from the 
origin. Using a least squares linear regression that requires the 
line to pass through the origin the selectivity coefficients were re¬ 
calculated and are compared to the first values in Table 5. The larger 
values for the coefficient signify greater selectivity of copper 
over calcium. 
-41- 
TABLE 4. COPPER SELECTIVITY COEFFICIENTS CALCULATED 
USING THE GAPON MODEL 
Soil 
_ ++ 
Ca 
eq/L 
Selectivity 
Coefficient 
Y-Axis 
Intercept 
Correlation 
Coefficient 
1 .004 5.771 -.059 .889 
2 • 11.786 -.276 .910 
3 7.616 -.185 .995 
4 3.375 -.029 .980 
5 8.464 -.243 .996 
6 2.228 .011 .961 
1 .001 10.323 -.563 .985 
2 14.259 -.680 .863 
3 13.871 -.870 .998 
4 6.854 -.306 .993 
* 
5 4.131 -.315 .947 
6 2.802 -.189 .942 
-42- 
TABLE 5. RECALCULATED GAPON SELECTIVITY 
COEFFICIENTS FOR COPPER 
Soil Ca++ 
eq/L 
Selectivity 
Ki 
Coefficient* 
K2 
1 .004 5.77 4.14 
2 11.79 3.63 
3 7.62 4.61 
4 3.38 3.21 
5 8.46 6.86 
6 2.23 2.29 
1 .001 10.32 2.60 
2 14.26 2.85 
3 13.87 4.78 
4 6.85 5.88 
5 4.13 3.17 
6 2.80 2.01 
★ 
Kn is the selectivity coefficient calculated using a least squares 
linear regression with a Y-Axis intercept. 
is the selectivity coefficient calculated using a least squares 
linear regression forced through the origin. 
-43- 
Mass Action Model for Ion Exchange 
The concepts of Mass Action may be used to describe ion 
exchange. For ions of the same charge the reaction is 
MX + Cd++ t CdX + M++. 
The mass action expression is given as 
K = (CdX) (M++) 
(MX) (Cd++) 
(4) 
where MX and CdX are amounts of adsorbed metal ions, M++ and Cd++ 
are amounts of metal ions in solution at equilibrium, and K is the 
"equilibrium constant", "equilibrium coefficient", or "selectivity 
coefficient." This expression may be rearranged to a linear form 
(CdX) = K(Cd*+) 
(MX) (M++) 
(5) 
with a slope, K. and an intercept of zero. For K values greater 
than 1, Cd++ is adsorbed in preference to M++, for K values less 
than 1 the reverse holds true, and for K equal to one there is no 
distinction between M++ or Cd++. 
The copper selectivity coefficients calculated using the Mass 
Action model are summarized in Table 6. As was the case with the 
Gapon model, the correlation coefficients are high, but the intercepts 
are not at the origin. Different selectivity coefficients were 
calculated for a line through the origin and are compared with the 
first calculations in Table 7. The coefficients are all greater than 
one indicating that copper is favored over calcium. 
-44- 
TABLE 6. COPPER SELECTIVITY COEFFICIENTS CALCULATED 
USING THE MASS ACTION EXPRESSION 
Soil 
_ ++ 
Ca 
eq/L 
Selectivity ■ 
Coefficient 
Y-Axis 
Intercept 
Correlation 
Coefficient 
1 .004 119.168 -.018 .975 
2 187.176 -.099 .929 
3 - 66.717 -.007 .996 
4 13.021 .100 .981 
5 34.163 .102 .994 
6 9.909 .078 .958 
1 .001 69.044 -.195 .993 
2 
•o-.? 
127.583 -.293 .896 
3 67.520 -.224 .996 
4 13.426 .189 .989 
5 7.510 .069 .964 
r 
6 6.497 .033 .942 
TABLE 7 RECALCULATED MASS ACTION SELECTIVITY 
COEFFICIENTS FOR COPPER 
Soil 
„ ++ Ca 
eq/L 
Selectivity 
Ki 
Coefficient * 
k2 
1 .004 119.17 107.92 
2 187.18 109.28 
3 66.72 65.37 
4 13.02 15.37 
5 34.16 37.11 
6 9.91 12.22 
1 .001 69.04 37.08 
2 127.58 50.28 
3 67.52 48.98 
4 13.43 14.58 
5 7.51 7.92 
6 6.50 6.86 
*K, is the selectivity coefficient calculated using a least squares 
linear regression with a Y-Axis intercept. 
K is the selectivity coefficient calculated using a least squares 
lfnear regression forced through the origin. 
-47- 
Comparison of Data to Theory 
After the constants have been calculated for the Langmuir, 
Gapon, and Mass Action models theoretical isotherms may be drawn and 
the data may be compared to the theories. Examples for copper 
are shown in Figures 11, 12, and 13. The Mass Action isotherms fit 
soils 1, 2, and 3 best while soils 4, 5, and 6 are represented 
equally well by Gapon and Langmuir. 
It should be noted that for cation exchange to completely 
describe copper reactions with the soils the selectivity coefficients 
should be independent of the calcium concentration, and this is not 
the case. For most of the soils the selectivity coefficients are larger 
with the 2 x 10"^ M CaCl^ than with the 5 x 10”^ M CaC^. 
Summary 
From the above discussion it can be seen that several factors 
i 
influence copper removal from salt solution by soils. The order of 
favorability of copper adsorption isotherms is similar to the order 
for exchangeable calcium, and the sum of calcium and magnesium, 
suggesting the importance of ion exchange reactions. Different 
copper removals were obtained with different ionic strength solutions 
indicating that competition for the exchange sites is important. 
Soil pH was found to be a significant factor. Increased copper 
removals at higher pH corresponds with reported increase in cation 
exchange capacity as pH rises. 
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Solubility relations indicate that at high pH precipitation 
reactions may be as important for copper removal as ion exchange. 
The solubility diagrams indicate that at high pH precipitation of 
tenorite or malachite may be an effective mechanism for copper removal 
from solution. At pH values greater than 6.5 precipitation of tenorite 
would prevent equilibrium Cu++ concentrations from exceeding .1 ppm. 
Cadmium Adsorption from Salt Solution 
Effect of Ionic Strength and Soil Properties 
The adsorption isotherms resulting from the equilibration of the 
six soils with 5 x 10~^ and 2 x 10~^ M CaCl^ solutions with different 
initial cadmium concentrations are presented in Figures 14 and 15. 
For both CaCl^ concentrations there appear to be two groups of 
isotherms. The adsorption isotherms for soils 1, 2, and 3 are 
steeper and more favorable than the isotherms for soils 4, 5, and 6. 
-4 
The isotherms for the soils in 5 x 10 M CaCl^ were also more favor- 
_3 
able than the isotherms for the soils in 2 x 10 M CaCl^. 
The order of decreasing favorability of the cadmium adsorption 
isotherms, at both calcium chloride concentrations, is 1>2>3>6>5^4, 
with the distinction between the isotherms for soils 4 and 5 difficult 
to make. This order of favorability of cadmium adsorption does not 
match the orders for the soil properties: 
clay content 1>4>3>2>6>5 
organic content 1>4>5>3>2>6 
cation exchange capacity 1>4>3>5>6>2 
pH 2>1>3>5>4>6 
51 
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exchangeable Ca 2>1>3>6>4>5. 
The cadmium order also does not match the orders of favorability of 
copper removal 2>1>3>6%4>5 or 2>1>3>5>6>4. The grouping of the 
soils with soils 1, 2, and 3 having more favorable isotherms than 
those for soils 4, 5, and 6 is according to high pH versus low pH. 
However, the order of favorability according to decreasing soil pH 
is not followed exactly. 
Effect of pH on Cadmium Adsorption 
To better understand the influence of pH on cadmium adsorption, 
the pH of soils 3, 4, and 5 was changed by equilibration with varying 
amounts of calcium hydroxide. The results are shown in Figure 16. 
The increase in cadmium adsorption with pH increase was substantial. 
It ranged from a 30 percent increase for soil 3 to an almost 300 percent 
increase for soil 4 over the range of pH increase. Bittell and Miller 
(1974) reported increased cadmium adsorption at higher pH. 
-O- 4 
At a given pH, 6.8 for example, the order of favorability is 
4>3>5. This order corresponds with the order for clay content and 
cation exchange capacity. The increased cadmium adsorption may then 
be due to the pH dependent cation exchange capacity of the soil. 
The increase in cadmium adsorption with pH increase is also demon¬ 
strated in Figure 17. Using soil 4 as an example it can be seen that 
the adsorption isotherm shifts upward and to the left becoming more 
favorable as pH increases. 
-54- 
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Cadmium Solubility Equilibria 
Because of the marked effect of pH on cadmium reactions the 
metal's solubility relations cannot be overlooked. The equilbria 
governing the solubility of cadmium are listed in Table 8. The log 
concentration diagram for a system open to the atmosphere with a 
.03 percent carbon dioxide concentration is shown in Figure 18. 
For any pH below 9 the Cd++ ion concentration is orders of 
magnitude greater than the CdOH+ ion concentration which can there¬ 
fore be neglected. The points plotted in Figure 19 are from the pH 
experiments discussed earlier. The points are in a region undersaturated 
with respect to cadmium carbonate and cadmium hydroxide. However, 
at the higher pH values the points approach the cadmium carbonate line. 
The equilibria for a carbon dioxide concentration of .3 percent 
are represented in Figure 20. Linder this condition some of the points 
fall in the area that is supersaturated with respect to cadmium 
*«V 3 
carbonate so that precipitation could occur. 
Application of Adsorption and Ion Exchange Models 
Langmuir Adsorption Isotherm 
The Langmuir model was applied to the results of the equilibrations 
-4 -3 
of the six soils with 5 x 10 and 2 x 10 M CaCl^ solutions containing 
cadmium. The results are summarized in Table 9. The discrepancy with 
soil 1 is probably the result of a poor organic extraction during 
analysis. 
-57- 
TABLE 8. CADMIUM EQUILBRIA* 
Reaction Log K (25°C) 
Cd(OH), + 2H+ 
2(s) 
= Cd+2 + 2H20 13.61 
4 
Cd+2 + OH* = CdOH+ 3.80 
CdCO, + 2H+ 
3(s) 
= Cd+2 + H20 + C02(gj 6.44 
■k 
From Stumm and Morgan (1970) Aquatic Chemistry. 
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Figure 13. Cadmium Solueilty in An Open .Utural System with .03 Percent CO2. 
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Figure 19. Cadmium Solubility in an Open Natural System with .03 Percent CO^. 
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Figure 20. Cadmium Solubility in a .3 PERCErrr CO2 System. 
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TABLE 9. LANGMUIR CONSTANTS FOR CADMIUM ADSORPTION 
Soil 
_ ++ 
Cd 
eq/L 
XMAX 
mg/g 
b 
L/mg 
1 .004 .773 .970 
2 • .625 .563 
3 .713 .237 
4 .337 .132 
5 .257 .193 
6 .362 .178 
1 .001 - - 
2 .686 2.209 
3 .756 .497 
4 .478 .118 
5 .312 .440 
6 .619 .201 
-62- 
The calculated maxima for cadmium are in the range of .31 to 
.77 mg/g. John (1972) calculated cadmium adsorption maxima for 
thirty Canadian soils using the Langmuir model. The maxima were 
in the range of 4 to 5 mg/g, much larger than obtained for the 
New England soils. This difference may be explained by the fact that 
there was no competing calcium in the experiments run by John. 
Gapon Model of Ion Exchange 
The Gapon model was applied to the cadmium data and the resulting 
selectivity coefficients are summarized in Table 10. As for copper the 
correlation coefficients are high but the intercepts are not at the 
origin. 
Lagerwerff and Brower (1972) studied the exchange reactions of 
4 
cadmium and calcium in soils. They observed increasing adsorption 
with increasing pH and decreasing adsorption of cadmium with increasing 
competing calcium concentrations. The Gapon constants they calculated 
ranged from .19 to .35, smaller than the constants for these New 
England soils. 
Because the intercepts were not at the origin the selectivity 
coefficients were recalculated using a linear regression equation for 
lines passing through the origin. These selectivity coefficients are 
1isted in Table 11. 
Mass Action Model of Ion Exchange 
The Mass Action model was applied to the cadmium data and the 
selectivity coefficients calculated are summarized in Table 12. The 
-63- 
TABLE 10. CADMIUM SELECTIVITY COEFFICIENTS 
USING THE GAPON MODEL 
Soil Ca** Selectivity Y-Axis 
eq/L Coefficient Intercept 
1 .004 
2 
3 
4 
5 
6 
1.037 
0.975 
.944 
.913 
.825 
.580 
1 .001 
2 
3 
4 
5 
1.231 
.601 
.692 
.599 
.703 
.583 
-.010 
-.006 
-.023 
-.035 
-.018 
-.014 
-.037 
-.005 
-.024 
-.031 
-.010 
-.028 
CALCULATED 
Correlation 
Coefficient 
.993 
.998 
.985 
.899 
.995 
.954 
.911 
.995 
.995 
.897 
.948 
.996 6 
-64- 
TABLE 11. RECALCULATED GAPON SELECTIVITY 
COEFFICIENTS FOR CADMIUM 
Soil Ca++ 
eq/L 
Selectivity Coefficient* 
- K, K2 
1 .004 1.04 .91 
2 .98 .52 
3 .94 .74 
4 .91 .69 
5 
C
\J 
oo • .71 
6 
oo 
Ln • 
oo • 
1 • o
 
o
 
1.23 .82 
2 .60 .57 
3 .69 .56 
4 .59 .46 
5 .70 .66 
6 • cn
 
oo
 
.46 
*K, is the selectivity coefficient calculated using a least squares 
linear regression with a Y-Axis intercept. 
K is the selectivity coefficient calculated using a least squares 
linear regression forced through the origin. 
il 
1 
2 
3 
4 
5 
6 
1 
2 
3 
4 
5 
6 
-65- 
TABLE 12. CADMIUM SELECTIVITY COEFFICIENTS CALCULATED 
USING THE MASS ACTION MODEL 
++ 
Ca 
eq/L 
.004 
.001 
Selectivity 
Coefficient 
Y-Axis 
Intercept 
Correlation 
Coefficient 
8.340 .011 .993 
3.267 .001 .981 
4.984 .009 .997 
3.647 .008 .931 
2.931 .027 .970 
2.320 .013 .963 
7.884 .001 .930 
2.548 .017 .948 
1.969 .016 .979 
1.575 .011 .910 
1.357 .054 .862 
1.420 •015 .982 
-66- 
correlation coefficients are high but the intercepts are not exactly 
at the origin. Recalculated coefficients for lines passing through 
the origin are shown in Table 13. Bittell and Miller (1974) determined 
calcium-cadmium exchange coefficients of .96, .99, and 1.12 for a 
montmorillonite, illite, and kaolinite respectively. These values 
are smaller than those obtained for the New England soils. This 
difference is probably due to the fact that the soils have a reactive 
organic fraction that adds to the capacity of the soil clay minerals. 
Comparison of Data to Theory 
After the constants for cadmium have been determined from the 
linearizations the theoretical isotherms may be drawn and compared 
to the data points. Examples are shown in Figures 21, 22, and 23. The 
Mass Action isotherms tend to be straight lines and do not fit the 
data very well. The Gapon and Langmuir isotherms are curved and fit 
the data eqaully well. However, it should be noted that for cation 
exchange to completely describe cadmium reactions with the soils the 
selectivity coefficients should be independent of the calcium concen¬ 
tration. This is essentially true for four of the six soils with the 
Gapon model. For the Mass Action model this is not the case. 
Summary 
The cadmium salt solution experiments resulted in an order of 
favorability of removal that did not match any of the individual soil 
TABLE 13. RECALCULATED MASS ACTION SELECTIVITY 
COEFFICIENTS FOR CADMIUM 
Soil Ca++ 
eq/L 
Selectivity 
Ki 
Coefficient* 
K2 
1 .004 8.34 9.59 
2 3.27 3.96 
3 4.98 5.49 
4 3.65 3.89 
5 2.93 3.67 
6 2.32 2.72 
1 .001 7.88 7.99 
2 2.55 3.12 
3 1.97 2.23 
4 1.57 1.73 
5 1.36 1.81 
6 1.42 1.60 
★ 
K-. is the selectivity coefficient calculated using a least squares 
linear regression with a Y-Axis intercept. 
1C is the selectivity coefficient calculated using a least squares 
linear regression forced through the origin. 
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properties. The fit of the cadmium data for all the soils to the 
Langmuir adsorption and Gapon ion exchange models indicates that 
these are probably the controlling mechanisms. The large increase 
in removal with pH increase may be due to the pH dependent cation 
exchange capacity of the soils. The decrease in removal with increased 
concentration of competing calcium cations supports adsorption and 
ion exchange as the controlling mechanisms for cadmium removal from 
salt solution. The solubility diagrams predict precipitation of 
cadmium carbonate under high pH and carbon dioxide conditions. 
Copper Adsorption from Wastewater 
Uncentrifuged Wastewaters 
Soil 3, chosen because it was neither the most nor least effective 
copper adsorber, was equilibrated with wastewaters containing added 
copper. Some properties of the wastewaters are shown in Table 14. 
The resulting adsorption isotherms for copper are shown in 
Figure 24. The amount of copper adsorbed was calculated as the 
difference, per gram of soil, between the metal concentration in 
the centrifuged control and the metal concentration after 
equilibration with the soil. The wastewater copper concentration 
was measured after centrifuging because the wastewater particulates 
would clog the aspirator tube in the atomic absorption spectrophotometer. 
The extended aeration effluent which had the least amount of 
suspended solids had the most favorable copper adsorption isotherm of 
\ 
-72- 
TABLE 14. AMHERST WASTEWATER CHARACTERISTICS 
October 1, 1974 
• 
Raw 
Wastewater 
Primary 
Clarified 
Wastewater 
Trick!ing 
Filter 
Effluent 
Extended 
Aeration 
Effluent 
pH 7.3 - - 4.2 
B°D5 
(mg/1) 
260 — — 9 
p 
(mg/l) 
6.9 - - 2 
Total Carbon 
(mg/l) 
120 100 88.5 17 
Inorganic Carbon 
(mg/l) 
38 35 40.1 1 
Total Organic Carbon 
(mg/l) 
82 65 48.4 16 
Electrical Conductivity 43 48 49 47 
(mho x IQ’5) 
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-74- 
the wastewaters,but the isotherm was less favorable than the 
-4 
5 x 10 M CaCl2 isotherm. The trickling filter, primary clarified, 
and raw wastewaters behaved similarly, with isotherms much less favor¬ 
able than the salt solution isotherm. In addition, these three waste- 
water isotherms dropped sharply at a solution concentration of 
approximately .5 mg/L. 
The extended aeration effluent had a pH of 4.2 because of alum 
addition for clarification and phosphorus removal. The salt solution 
pH experiments showed that copper adsorption increased with increasing 
pH. The low pH of the extended aeration effluent may account for the 
less favorable copper adsorption compared to adsorption from salt 
solution. The wastewaters had electrical conductivities of approximately 
-5 -4 
47 x 10 mhos while the 5 x 10 M CaCl^ solution had an electrical 
_5 
conductivity of approximately 20 x 10 mhos. The wastewater isotherms 
may be less favorable than the salt solution isotherm because adsorption 
decreases with increasing ionic strength. In addition, the atomic 
adsorption spectrophotometer does not distinguish between free ion 
in solution and ions associated with soluble organics. It is possible 
that association of copper with soluble organics reduced the effective 
concentration of copper available for adsorption and therefore resulted 
in less favorable isotherms. 
When the wastewater controls were centrifuged and analyzed for copper, 
the solution concentrations were lower than the "spike" concentrations of 
copper added. This suggests that particulate organic compounds removed 
-75- 
some of the copper when they were removed by centrifuging the wastewaters.- 
This is in agreement with reports by Cheng et al. (1975) and Hodgson (1963) 
that copper interacts greatly with organic matter. Because the copper 
concentrations in the centrifuged controls were low, the calculated 
amount of metal adsorbed was low and the adsorption isotherms were 
less favorable than the salt solution isotherm. In addition, the 
centrifuged control copper concentrations were so low, for the samples 
with the most copper added, that the isotherms bent sharply downward. 
Inasmuch as organic matter particulates removed by centrifuging 
should also be removed by the soil as the wastewater percolates down¬ 
ward, "total removal isotherms" were calculated and plotted .in Figure 25. 
In this case the metal "removed" was calculated as the difference, per 
gram of soil, between the metal concentration in the "spike" and the 
metal concentration after equilibration with the soil. The adsorption 
isotherm for the extended aeration effluent with the least amount of 
particulates is unchanged. The trickling filter, primary clarified, 
and raw wastewater isotherms are still less favorable than the salt 
solution isotherm at low concentrations, but, at higher concentrations, 
become more favorable. 
The association of the heavy metals with the particulate organics 
raises additional questions. What happens as the particulates decompose 
in the soil? Are the metals released and then adsorbed by the clays 
and remaining organics or are they associated with soluble organics 
and unavailable for adsorption? These questions are of even greater 
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Figure 25. Copper Removal Isotherms for Soil Three Equilibrated With 
Different Wastewaters (With "Spike" As Control). 
-77- 
importance when sludge, with much higher heavy metals concentrations, 
rather than wastewater is to be applied to the land. 
Centrifuged Wastewater 
To clarify the results from the previous experiment the particulate 
organic matter was removed from the wastewater by centrifugation prior 
to the addition of copper. A sample of primary clarified Amherst 
wastewater was collected and centrifuged. Some properties of the 
centrifuged and uncentrifuged wastewater are shown in Table 15. 
The results of equilibration of soil 3 with centrifuged primary 
clarified wastewater containing added copper are shown in Figure 26. 
It must be noted that when copper salt solution was added to the waste- 
water a turbidity developed and persisted through the three day 
equilibration. The more favorable isotherm, then, is due to the 
formation of a copper precipitate that is removed during centrifugation 
of the sample. The formation of a precipitate adds to the effect of 
complexation of copper by particulate organic matter. 
Copper Solubility Relations 
A turbidity developed in the pH 7.14 primary clarified wastewater 
while no turbidity developed in the pH 4.2 extended aeration 
effluent. To explain this turbidity, the solubility relationships 
for copper were examined. In Figure 27 the .03 percent CO 2 system is 
described. The points plotted are for the primary clarified wastewater 
of pH 7.14. All the points fall in the region where tenorite would 
begin to precipitate. When a higher carbon dioxide concentration of 
.3 percent is considered to account for C0£ production by microbial 
-78- 
TABLE 15. PRIMARY CLARIFIED AMHERST WASTEWATER 
January 16, 1975 
Centrifuged Uncentrifuged 
pH 7.14 7.14 
Specific Conductance 
(mho x 10"5) 
36 42 
p 
(mg/1) 
2.1 2.7 
K 
(mg/1) 
4.35 5.00 
Mg 3.75 4.60 
(mg/1) 
Ca 
(mg/1) 
16.0 18.0 
Na 
(mg/1) 
30.0 40.0 
; 
-79- 
Copper Concentration, mg/L 
Figure 26. Copper Adsorption by Soil Three Equilibrated with 
Centrifuged Wastewater. 
-80- 
Figure 27. Copper Solubility in An Open Natural System with .03 Percent CO2. 
-81- 
respiration Figure 28 results. All the points for the primary 
clarified wastewater are supersaturated with respect to malachite. 
Summary 
The reactions of soils with wastewaters with added copper were 
more complex than with salt solutions. There was some association 
of the copper with suspended particulates in the wastewater. This 
increased total removal from solution but it raises another question: 
What happens when the particulates break down? When the particulates 
were removed a precipitation reaction was observed. A study of the 
solubility relations for copper in systems open to the atmosphere and 
in systems with increased carbon dioxide content indicated that pre¬ 
cipitation reactions, governed by pH and carbon dioxide concentration, 
were the important controlling mechanism for copper removal. 
.v. Cadmium Adsorption from Wastewater 
Uncentrifuged Wastewaters 
The results for equilibration of soil 3 with wastewaters containing 
added cadmium are shown in Figure 29. The isotherms for the wastewaters 
were less favorable than that for the salt solution. The previous 
experiments with pH demonstrated the large effect of pH on cadmium 
adsorption. The extended aeration effluent with a pH of 4.2 would 
be expected to have the least favorable isotherm, but this is not clearly 
the case. It is only least favorable at small cadmium concentrations. 
-82- 
pH 
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Figure 28. Copper Solubility in A .3 Percent CO2 System. 
-83- 
6/6uj ‘paqjospv uiniiupeo 
C
ad
m
iu
m
 
C
o
n
c
e
n
tr
a
ti
o
n
, 
m
g/
L
 
F
ig
u
re
 2
9
. 
C
ad
m
iu
m
 A
d
so
rp
ti
o
n
 
Is
o
th
er
m
s 
fo
r 
S
o
il
 T
h
re
e 
E
q
u
il
ib
ra
te
d
 
w
it
h
 D
if
fe
re
n
t 
W
as
te
w
at
er
s 
(W
it
h
 C
e
n
tr
if
u
g
e
d
 
C
o
n
tr
o
l)
. 
-84- 
The wastewater isotherms intersect each other and it is difficult to 
explain what is taking place. 
Because of possible cadmium association with suspended solids, 
as was observed for copper, "total removal isotherms" were calculated 
and are shown in Figure 30. The isotherm for the extended aeration 
effluent with low pH and negligible suspended solids is the same while 
isotherms for the trickling filter, primary clarified, and raw 
wastewater with large amounts of particulate organic matter, as well 
as a higher pH, are much more favorable than the salt solution isotherm. 
Centrifuged Wastewater 
To study the effect of suspended solids a wastewater was centri¬ 
fuged prior to the addition of cadmium. The resulting isotherm is shown 
in Figure 31. The isotherm for the wastewater is more favorable than 
the isotherms for the salt solutions. Although the final solution 
pH values were not measured, the initial pH of the wastewater was 
■0.-3 
7.14, and the more favorable wastewater isotherm is probably due to 
this high pH. 
The isotherm for the centrifuged wastewater is similar to the 
"removal" isotherms for raw, primary, and trickling filter wastewaters. 
This suggests that the particulates in the wastewaters do not play a 
significant role in removing cadmium from solution. 
A different centrifuged wastewater with added cadmium was equili¬ 
brated with soils 3, 4, and 5 and final pH measurements were made. To 
account for variations in the amount of metal adsorbed at a given solu¬ 
tion concentration, the ratio of metal adsorbed to solution concentration 
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Figure 31, Cadmium Adsorption Isotherms for Soil Three Equilibrated 
With Centrifuged Wastewater. 
-87- 
may be plotted as a function of pH. When the data from Figure 16 is 
replotted in this manner Figure 32 results. 
The centrifuged wastewater equilibrated with soil 3 has a ratio 
of .58 at pH 7.2 and a ratio of .95 at pH 7.4. These values are just 
slightly above those for the salt solutions. For soil 4 with a ratio 
of .84 at pH 6.96 and 1.95 (off the scale) at pH 7.26 the wastewater 
sample displayed higher metal removal than the salt solution. 
Similarly, for soil 5 with a ratio of .48 at pH 7.12 and a ratio of 
.66 at pH 7.38, the metal removal was higher with the wastewater. 
Cadmium Solubility Relations 
Although no turbidity was observed when the cadmium salt "spike" 
was added to the wastewater, the solubility relationship was examined. 
4 
Figure 33 is for a system in equilibrium with an atmosphere containing 
.03 percent CO2. All the points fall in the undersaturated zone with 
respect to solid cadmium carbonate or cadmium hydroxide. When a higher 
carbon dioxide concentration of .3 percent is considered (Figure 34) 
a few of r.he points are in the region where cadmium carbonate will 
precipitate. 
Summary 
When wastewater with added cadmium was equilibrated with the 
different soils the reactions were complex. There possibly was some 
association of the cadmium with suspended solids just as there was for 
copper. When the suspended solids were removed the cadmium removal 
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pH 
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Figure 33. C/zkiw Ocjjbiuty hi xi Qpbj iIatural Oyotem v/ith .03 Percou CO2* 
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was equal to or greater than cadmium removal from salt solution. No 
precipitate was observed when cadmium was added to the wastewater but 
the solubility relations were examined. Only a few points fell 
in the region where precipitation of cadmium carbonate, at high pH 
and high carbon dioxide concentration, would be an effective removal 
mechanism for cadmium. 
Life Expectancy of a Land Application Site 
The above discussion indicates that ion exchange and precipitation, 
both dependent on pH, control copper and cadmium reactions in waste- 
water applied to the soil. The question arises: How will this affect 
the operation of a particular land application site? 
Ion exchange can remove heavy metals from wastewaters as long as 
the soil has available exchange sites. Recognizing the limitations 
involved in scaling up a laboratory experiment, a rough estimation 
of the metal removal life expectancy of a site may be made. For a given 
wastewater metal concentration the adsorption capacity of the soil may 
be obtained from the adsorption isotherm. The metal loading may be 
calculated for a given wastewater application rate, and for a given soil 
mass ,the life expectancy may be computed. Table 17 summarizes a calcu¬ 
lation and the assumptions involved for the Winooski soil. 
It should be noted that the values will vary depending on the waste- 
water metal concentration and the adsorption capacity described by the 
isotherm. The values for the top 6" are most important because this is 
the root zone and most active part of the "living filter." 
-92- 
TABLE 16. LIFE EXPECTANCY OF A LAND APPLICATION SITE* 
Application 
Rate 
Soil 
6" 
Depth 
12" 18" 
1"/week 22.5 years 45 67.5 
2 11.3 22.5 33.8 
3 7.5 15 22.5 
♦Assumptions: 
1) Winooski Soil 
2) Copper Concentration = .25 mg/1 
3) Adsorption Capacity of .13 mg/g (From Figure 2) 
4) Soil Mass/Acre for 6" Layer = 2 x 10^ lb = 9 x 10^g 
5) 1 Acre Inch/Week = 1 x 10^ 1/week 
6) Year Round Operation 
7) Uniform Capacity with Depth 
3) Expectancy = 
/Adsorption 
^Capacity, mg/g 
) (9 x 108 g/acre) 
/Metal 
^Concentration, mg/1 )( 
Application 
Rate, 1/week 
52 week 
) 
= Years 
year 
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It must be also noted that the calculation does not account for 
organic matter addition and possible capacity increase, organic matter 
decay and possible capacity reduction, for removal of heavy metals 
through crop harvest, or for capacity variation with pH change. If 
precipitation reactions take place and the pH is maintained so that the 
solid phase is stable the capacity is then unlimited. 
The pH experiments indicated that copper and cadmium removal from 
solution increased with increasing pH. It is possible that a 
particular site with acid soil could be limed to raise the soil pH and 
increase the metal removal capacity. 
The ion exchange and precipitation reactions are not permanent 
heavy metal removal mechanisms. The soil is in equilibrium with the 
soil solution and the heavy metals could exchange back into solution 
if the equilibrium is disturbed. The pH of the land application site 
is a variable dependent on the original soil pH, wastewater pH, 
formation of organic acids, nitrification, and carbon dioxide concen¬ 
tration. Precipitates could redissolve if the proper pH is-not 
maintained. 
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SUMMARY AND CONCLUSIONS 
Copper and cadmium adsorption by soils from salt solutions and 
from wastewater was investigated. To study the effect of soil 
properties and ionic strength on copper and cadmium adsorption samples 
of six New England soils that varied in particle size distribution, 
organic matter content, pH, cation exchange capacity, and exchangeable 
calcium, magnesium, and potassium were equilibrated with 5 x 10"4 
_3 
and 2 x 10 M CaC^ solutions containing copper or cadmium. To 
study the effect of wastewater on copper and cadmium adsorption the 
six soils were equilibrated with different wastewaters with added 
copper or cadmium. After equilibration the equilibrium metal concen¬ 
tration was measured, the amount of metal adsorbed was calculated, 
and adsorption isotherms were drawn. The isotherms were then compared 
according to favorability of metal adsorption. The soils with the 
most favorable isotherms adsorbed the most metal, per gram of soil, 
at a particular equilibrium solution concentration. 
The sequence of favorability for the copper and cadmium adsorption 
isotherms for the six soils did not match. In addition, there was no 
direct correlation between the sequences of favorability and a 
particular soi 1 property or properties. The sequence of favorability 
for the copper isotherms, however, was similar to the order for exchange¬ 
able calcium and for calcium plus magnesium, suggesting that ion exchange 
of copper for calcium, or calcium plus magnesium, is an important 
removal reaction. 
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For each soil it was found that more copper than cadmium was 
removed from salt solution, per gram of soil, at a given equilibrium 
solution concentration. This is consistent with the electrostatic 
consideration used to explain ion exchange selectivity. It was also 
found that less copper and cadmium was adsorbed by each soil at the 
higher calcium chloride concentration suggesting that competition 
for available exchange sites is an important factor. 
The three soils with high pH had more favorable adsorption 
isotherms than the soils with low pH, but the exact order of soil 
pH was not followed. For both metals at both ionic strengths this 
grouping according to high pH versus low pH was observed. When the 
pH of the acid soils was increased by adding calcium hydroxide, the 
adsorption of both metals increased. Copper adsorption by the acid 
Winooski soil increased from .46 mg/g at pH 4.94, 85.2 percent of the 
added copper, t-r .54 mg/g at pH 7.0, 99.9 percent of the added copper. 
•v*~ 
Cadmium adsorption increased from .13 mg/g at pH 5.04, 24.5 percent 
of the added cadmium, to .49 mg/g at pH 7.05, 92.5 percent of the 
added cadmium. 
When the soil pH values were equal the order of decreasing copper 
and cadmium adsorption matched the order of decreasing soil clay 
content and decreasing soil cation exchange capacity. This suggests 
that the increase in metal removal may be due to pH dependent increase 
in cation exchange capacity. 
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The solubility relations for both copper and cadmium were 
examined. It was found that copper oxide, and copper and cadmium carbonates 
at high pH and carbon dioxide concentrations, could be precipitating 
giving rise to high removals and favorable adsorption isotherms. 
The Langmuir, Gapon, and Mass Action models for adsorption and 
ion exchange were applied to the data. The Langmuir model did not 
describe the reactions of three soils with copper. High correlation 
coefficients were obtained for the Mass Action model, but the theoretical 
isotherms did not fit the data very well. The theoretical isotherms 
of the Gapon model did fit all the data well. However, the ion exchange 
selectivity coefficients should be independent of ionic strength, and 
this was the case for only two of the soils with copper and for four 
of the soils with cadmium. This indicates that the reactions are more 
complex than ion exchange. 
When the soils were equilibrated with wastewaters with added 
copper and cadmium the results were more difficult to interpret. Less 
copper and cadmium was adsorbed from the wastewaters than from the 
-4 
5 x 10 M CaCl^ solution. It is possible that soluble organic compounds 
associated with the metals and reduced the effective concentrations 
available for adsorption and ion exchange. There was also some 
association of the copper and cadmium with the suspended solids in the 
wastewater. This raises the question of what happens to the metals 
as the organic solids decompose after application to the land. 
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To simplify the system the wastewater suspended solids were 
removed by centrifuging prior to addition of copper and cadmium. When 
copper was added turbidity developed and examination of copper solubility 
relations showed that copper oxide and possibly carbonate could be 
forming. Whe cadmium was added no precipitate formed but the removals 
were equal to or greater than removal from salt solution. 
In conclusion, it appears that pH is the most significant soil 
property. Copper and cadmium were removed from solution by adsorption 
and ion exchange reactions and by precipitation as oxides and carbonates. 
The cation exchange capacity and precipitation reactions, in turn, are 
dependent on pH. In addition, soil pH is a soil property that can be 
controlled if necessary. 
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